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Positions of protons in DNA hydrogen bonds are fundamental for the fidelity of the replication
process. Because the hydrogen bond is partially covalent the electronic structure of DNA plays an
important role in the replication process. Current studies of electron transfer in DNA have shown
that simple pictures based on independent electron physics are not sufficient to account for the
experimental data. In this paper we propose a model for electron-proton interaction in DNA and
its relationship to mutagenesis. We argue that mutations will be more frequent in DNA sequences
where electron delocalization occurs. To test our theory we calculate the heat capacity of DNA
at low temperatures and compare with the available experimental data in hydrated DNA. We find
that our model is in good agreement with the data. We also propose new measurements of infrared
absorption which would further test our ideas.
PACS numbers: 87.16.U, 87.14.G, 87.15.M
Watson and Crick [1] pointed out the importance of
proton transfer as a possible cause of tautomeric base
pairs in DNA and its deep relationship to mutagenesis.
Errors in the replication process of DNA can lead to the
occurrence of mutations related to genetic diseases and
some forms of cancer. Lo¨wdin [2] argued that proton
transfer is a quantum mechanical effect which has purely
electrostatic origin. Since then many researchers have
calculated the potential energy profiles for proton trans-
fer reactions in isolated base pairs [3]. These studies have
shown the importance of the electronic configuration at
each base pair as a stabilizing factor of the hydrogen
bond (H-bond). Indeed, recent experiments [4] show the
occurrence of proton transfer in excited base pairs. The
problem of electron transfer in DNA has been a source
of intense debate [5]. Many different experimental stud-
ies of electron transfer by chemical reaction have shown
that long range electron transfer in DNA may be rather
different from the same process in proteins, where single
electron processes are dominant [6]. In this paper we pro-
pose a model which combines two essential ingredients in
the physics of DNA: the electronic degrees of freedom,
and the protons in the H-bonds along the double helix.
Our model is different from other proposed models for
electron-proton interactions in DNA [7], since we take
into account (i) the quantum mechanical character of
electron motion, (ii) the charging energy due to electron
transfer between different base pairs, and (iii) the speci-
ficity of the electron-proton processes due to differences
in base pair sequences.
Let us consider a periodic DNA sequence. It is well-
known that the electrons in such DNA can move by the
overlap of π orbitals along the DNA helix [8]. In this case
DNA can be viewed as an one-dimensional (1D) solid.
Because a periodic DNA provides a periodic potential for
electron motion, basic quantum mechanics tells us that
the quantum states of the system are Bloch waves with
wavenumber k and band index n. To each value of k we
associate a wavelength λ of the electron (k = 2π/λ), and
for each band we associate a molecular or atomic state.
Band structure calculations [9] indicate that such a DNA
sequence should be an insulator with a band gap of order
of a few electron volts. In this case the low energy exci-
tations of the DNA are excitons. Recent experiments in
Poly(G)-Poly(C) DNA seem to confirm this picture [10].
However, electronic states in biologically relevant DNA
(non-periodic) depend considerably on the environmen-
tal conditions (such as pH, hydration, etc). Although
the study of periodic DNA sequences is very important,
it probably does not provide final information on the be-
havior of electrons in DNA under conditions where mu-
tagenesis is relevant.
Recent experiments on long range electron transfer in
DNA indicate that the introduction of Guanine-Citosine
(G-C) base pairs enhance electron transfer [11]. This
situation is analogous to that in semiconductors where
the introduction of electron donors (acceptors) increases
the charge conduction by the creation of localized states
close to the band edges. When a sufficiently large num-
ber of donors or acceptors is introduced into the DNA
molecule an impurity band can be formed and conduc-
tion is possible. This picture seems to be supported by
recent measurements of DNA resistivity [12]. Another
possible source of 1D conduction is via non-linear exci-
tations such as solitons [13]. As is well-known, disorder
in 1D systems leads to localization of electron wavefunc-
tions [14]. However, when the localization length is large
compared with typical electronic scales, electron transfer
occurs. Moreover, DNA is aperiodic rather than random,
and Anderson localization is a weaker effect [15].
We assume from the outset that the charge carriers
(electrons or solitons) of DNA are delocalized over a re-
gion of size L such that the energy level spacing ~vF,l/L
(where vF,l is the Fermi velocity in the strand l) is much
smaller than the thermal energy kBT (where kB is the
Boltzmann constant and T is the temperature). The low
1
energy excitations in this case are particle-hole pairs close
to the Fermi points at ±kF,l. This simple scenario, how-
ever, is not enough to describe charge propagation in
DNA because the charging energies for electron transfer
between different base pairs is of order of electron volts
as it is common in organic systems. From this point of
view DNA is very close to being a Mott insulator instead
of an ordinary band insulator [14]. In 1D, such a conduc-
tor is called a Luttinger liquid [16]. In a Luttinger liquid
the low lying excitations are bosonic collective modes of
spin and charge which have solitonic character.
Long ago Pauling [17] proposed that H-bonds have im-
portant covalent character, which has subsequently been
confirmed [18]. Proton states at the H-bonds are very im-
portant because they stabilize the double helix. Protons
are much heavier than the electrons and therefore much
slower. In A-T base pairs there are 2 H-bonds anchoring
the two strands of DNA, while in the G-C case there are
3 H-bonds. In principle each proton in the H-bond can
occupy one of its sides, and therefore there are 4 (8) possi-
ble states for the protons in A-T (C-G) base pairs. These
states do not have the same energy because of the elec-
trostatic interaction between the atoms in the base pairs
with the protons at the H-bonds. Moreover, the differ-
ence in energy between the states is usually much larger
than the thermal energy and therefore we only need to
consider the ground state and the first excited state. We
call the excitation energy between these two states ǫm,
where m labels the position of the base pair along the
DNA backbone. In this case the proton Hamiltonian can
be simply written as
Hp = −
1
2
∑
m
ǫmσ
z
m (1)
where σz is a Pauli matrix. In this representation the
ground state of the proton problem is the pseudo-spin
state | ⇑〉 while the excited state is | ⇓〉. Notice that ǫm
can have only two values corresponding to a A-T or G-C
base pair. Thus, strictly speaking ǫm is the energy re-
quired to produce a tautomeric state on an isolated base
pair. Because of the large proton mass we disregard pro-
ton tunneling and treat the proton as a classical particle.
Notice that at temperature T the probability of having
a local proton configuration in a mutated state is given
by the Boltzmann distribution:
Pm(T ) ∝ exp [−ǫm/(kBT )] (2)
corresponding to a thermal jump over the energy barrier.
At room temperature and with ǫm of the order of tenths
of eV this probability is very small and mutation is a rare
event.
Let us now consider the coupling between protons and
π electrons. This coupling depends strongly on the de-
grees of freedom of the H-bonds and the π orbitals. On
the one hand, the protons in the H-bond have their
own magnetic spin degrees of freedom and non-magnetic
pseudo-spin variables associated with their position in
the H-bond. On the other hand, electron states in DNA
can be labeled by their momentum ~k, their true spin
magnetic quantum number, and by their two possible
strand numbers: l = ±1. While the strand and the spin
quantum numbers of the electrons couple directly to the
pseudo-spin of the proton, the proton spin couples to the
electron spin via dipolar forces or contact interactions.
If we view the single H-bond problem as an impurity in
a chain (or ladder) then the DNA problem is of the so-
called multi-channel Kondo type [19]. Since in this paper
we are only interested with the stability of the H-bond
due to the presence of electrons and not with the mag-
netic properties of DNA, we neglect completely the dipo-
lar interactions which can be studied separately. More-
over, the symmetry of the coupling between pseudo-spins
and electrons is reduced due to the strong anisotropy of
the proton positions. Therefore, in the simplest model,
the electron-proton problem reduces to a local coupling
of value λm,l between the electronic charge density and
the H-bond at the base pair m on the strand l:
He−p =
∑
m,l
λm,l
[
ρm,l − ρm,l
]
(σzm − 1) (3)
where ρm,l is the average electron density of themth base
pair in the lth strand and ρm,l the actual electronic den-
sity. The physics of this problem is rather simple. In
the absence of electronic coupling the H-bond of a given
base pair m will find itself in the lowest energy state
which is stable at room temperature. Because the pro-
ton is coupled to the electrons it can generate electronic
displacements along the helix with a gain of electrostatic
energy. This gain of electrostatic energy, in turn, can sta-
bilize a tautomeric configuration of the protons leading
to mutation. The main question is whether the gain in
energy due to the electron-proton interaction is enough
to compensate for the loss of electrostatic energy between
the proton and the base pair. Moreover, the coupling be-
tween H-bonds and electrons also generates an exchange
interaction between H-bonds, which oscillates in space
with a wavelength of order of the distance a between
base pairs.
The low energy excitations of this Luttinger liquid
can be studied by the bosonization technique in which
solitonic modes are bosons with momentum ~k, energy
~vF,l|k| and strand number l = ±1. In Hamiltonian form
it can be written as [16]
HL =
∑
k,l
~vF,l|k|b
†
k,lbk,l
where bk,l (b
†
k,l) is the boson annihilation (creation) oper-
ator and vF,l = vF,l
√
1 + 2Ul/(πvF,l) is the renormalized
Fermi velocity due to the electron-electron interaction
2
strength Ul. In our case the spin degrees of freedom are
completely decoupled (unless we introduce a direct cou-
pling between the proton and the electron spin) and do
not appear explicitly into the problem. In particular, the
density operator which appears in (3) can be written as
ρm,l =
∑
k
k
√
L
2π |k|
e−θl
(
bk,le
ikxm + b†−k,le
−ikxm
)
where xm is the position of the mth pair along the he-
lix and eθl = [1 + Ul/(πvF,l)]
1/4. The main gain in us-
ing the bosonization procedure for this problem is that
it maps the DNA problem given by the Hamiltonian
H = Hp +HL +He−p into an exactly solvable problem
in many-body physics called the independent boson model
[20]. Our model describes the relaxation of the Luttinger
liquid along the helix due to the proton configuration.
The first result of the model is that the excitation en-
ergy ǫm of the H-bond is reduced by an amount ∆m,
where
∆m =
1
2
∑
l=±1
λ2m,l
πvF,l + Ul
. (4)
Thus, in the presence of a local metallic electron fluid one
gets a reduction of the “natural” bias in the system and
an increase in the probability (2) of finding the system in
a tautomeric state. It is clear from (4) that this can only
happen when coupling between H-bonds and electrons is
large or when the Coulomb interaction between electrons
is weak. In metallic DNA the electron-electron interac-
tions will be screened by the electron motion and there-
fore ∆m can be large enough to induce mutation at room
temperature. This mechanism for mutation seems to be
consistent with recent findings relating the existence of
repetitive sequences in DNA (which tend to delocalize
the electrons) and mutagenesis associated with evolution
[21].
In order to test our ideas we have calculated the heat
capacity of DNA using the above described model. There
are three main contributors to the DNA specific heat at
low temperatures: the phonons which give a contribu-
tion growing like T 3, the electrons which contribute with
a term proportional to T , and the protons which con-
tribute with a Schottky term. The total specific heat
can be calculated once the DNA sequence is known.
We assume that the renormalized bias ǫm = ǫm − ∆m
can be written as a series expansion of the temperature:
ǫm ≈ Am + BmT . The temperature dependence of the
bias is due to the exchange interaction between the H-
bonds propagated by the electron fluid. In a sample of
DNA the values of Am and Bm are distributed around
an average value which is given by the average number
of G-C and A-T pairs. For simplicity we assume here a
gaussian distribution for both quantities. In Fig. 1 we
compare the results of our model with the experiments
reported in Ref. [22]. The agreement between our model
and the experiments is good. However, there are serious
questions about sample quality in experiments dealing
with DNA and therefore we have also calculated, as a
further check, the infrared (IR) absorption for DNA us-
ing many-body techniques. The correlation function of
interest is the proton spectral function which is defined
as Sm(ω) = −2Im[Gm(ω)] where Gm(ω) is the Green’s
function of the proton at base pair m as a function of the
frequency ω. We found that IR absorption at a certain
site m is controlled by a parameter gm defined as
gm =
a∆m
π~vF
. (5)
At zero temperature and gm < 1, DNA shows an X-ray
edge effect with a sharp absorption edge. This effect is
a result of the many-body character of DNA electronic
conduction. If gm > 1 or the temperature is finite the
IR absorption becomes smooth. For a specific DNA se-
quence one has to calculate the absorption of the DNA
as a whole. In Fig. 2 we show the absorption spectrum
for one of the DNA sequences of Fig. 1 at finite tem-
peratures. Observe that no sharp X-ray edge is visible
because of the superposition of many X-ray edges coming
from individual protons. There is, however, a suppression
of the absorption at low frequencies with the formation
of a “pseudo-gap”.
In conclusion, we have proposed a model for electron-
proton coupling and mutagenesis in DNA based on the
idea of charge delocalization. We have shown that the po-
sition of the protons in DNA can change, leading to muta-
tions when the π electrons delocalize. We have compared
our results for the specific heat at low temperatures with
the available experimental data and found near quanti-
tative agreement. We have also proposed new IR absorp-
tion experiments which can further test our model.
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FIG. 1. Specific heat of DNA : 1. DNA sample with water
content n0 = 0 − 2 M H2O/MBP. The results are presented
by the continuous curve (theoretical) and ◦ (experimental). 2.
DNA sample with water content ns = 10 − 12 M H2O/MBP
(mostly A-form DNA). The results are presented by the dot-
ted curve (theoretical) and ✷ (experimental). 3. DNA sam-
ple with water content nΣ = 22 − 23 M H2O/MBP (mostly
B-form DNA). The results are presented by the dashed curve
(theoretical) and △ (experimental).
FIG. 2. Predicted infrared absorption at finite tempera-
tures, hv¯F /a = 2 eV .
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